permanent porosity. By contrast, there are approximately one thousand zeolites comprising about two hundred topologies. 3 Crystal structures of selected MOFs from the CSD that have had a particularly large impact are presented in Figure 1 . An important early objective in the field of coordination polymers was to synthesize materials with permanent microporosity, using organic or inorganic building blocks that enable rational design in a way not afforded by the inorganic oxide structure zeolites. A major turning point came in 1999 when two key structures were published, HKUST-1 4 and MOF-5. 5 HKUST-1 exhibits nanoscale porosity and high thermal stability, with the potential to chemically functionalize its pores, a significant advance over zeolites. MOF-5 is similar in this regard and set a record for the surface area of a crystalline material. Together, these two canonical structures generated tremendous excitement for applications such as hydrogen storage, where a major quest for improved materials was already underway. Within six years, the number of annual MOF publications increased by more than a factor of ten. Since then, interest expanded far beyond gas storage, to include fields such as drug delivery, sensing, medical imaging, energy storage, and light harvesting, as well as more "traditional" applications of microporous materials, such as separations and catalysis. The breadth of the research is summarized in a large number of excellent reviews, several of which are listed in Table 1 for individual topics. Flexible MOFs Flexible metal-organic frameworks 8 Crystal engineering Crystalline metal-organic frameworks (MOFs): synthesis, structure and function 9 MOF assembly Metal-Organic Frameworks: From molecules/metal ions to crystals to superstructures 10 Template synthesis Template-directed synthesis of metal-organic materials 11 Luminescent MOFs Luminescent functional Metal-Organic Frameworks 12 Luminescent MOFs Engineering metal-based luminescence in coordination polymers and metal-organic frameworks 13 Ferroelectric MOFs Ferroelectric Metal-Organic Frameworks 14 Magnetic MOFs Microporous magnets 15 Photocatalysis Metal-organic frameworks for artificial photosynthesis and photocatalysis 16 Mechanical properties Mechanical properties of hybrid inorganic-organic framework materials: establishing fundamental structure-property relationships A number of encouraging developments during the past five years are accelerating the pace of MOF development. Among these is the report by researchers at BASF that at least one MOF can be synthesized in ton-scale quantities. 29 This demonstration of large-scale production feasibility lends confidence that real-world applications are not far off. MOF synthesis is also being facilitated by the commercial availability of many organic "linker" reactants. A few MOFs are now in commercial production in multi-kg amounts, including MIL-53, HKUST-1, and ZIF-8, and small companies are now selling other MOFs or offering custom synthesis services to produce them in quantities up to 1 kg. At least one pilot-scale use of MOFs is underway: the U.S. Dept. of Energy's Hydrogen Storage Engineering Center of Excellence selected MOF-177 as the sorbent in a vehicular hydrogen storage tank. 30 The field as a whole also appears to be solidifying in a professional sense; an international meeting devoted to MOFs will have its fourth meeting in Kobe, Japan in 2014 and there are regular symposia focused on these materials at the annual meetings of major scientific societies. The International Zeolite Association also initiated a MOF Commission in 2013. These events signify that MOFs are recognized as an important new class of materials with the potential to be commercially successful. This explosion of work suggests that MOFs constitute a new subdiscipline of coordination chemistry. It seems unlikely that the pace of MOF synthesis will slow anytime soon; at current rates, there will be more than 40,000 "MOFs" by 2025, based on a recent calculation. 2 In this
Highlight article, therefore, we offer our perspective of the status of this rapidly expanding field. This is a very high-level view and our intention is not to provide a comprehensive "review of reviews." Rather, our purpose is to give the reader a sense of the current maturity of MOF chemistry from our vantage point as developers of MOFs for engineered applications, i.e., ones for which we have been forced to confront many practical issues associated with their use in specific technologies. We first examine the question of whether the MOF field is at a turning point in terms of commercial development: what scientific and engineering barriers impede progress? Following an abbreviated summary of the elements of MOF structure, we discuss some of the important structure-function correlations that now enable crystal engineering of these materials at an unprecedented rate. Next, some of the most promising applications that we expect will drive innovation in the next several years are reviewed. Finally, we summarize some key challenges that must be addressed to enable MOFs to go beyond the laboratory and reach at least the stage of pilot-scale engineering, if not full-scale commercialization.
II. Are MOFs at a turning point?
It is appropriate to ask, after this period of vigorous research, where does the field stand as a whole and in what direction is it, or should it be, headed? A quite different, but highly relevant question is, why are there currently no major commercial applications of these materials? To borrow a term from the software industry, what will be the "killer app" that forms the basis for major industrial production and propels the field forward? Development times for new materials vary, of course, but in general they average around twenty years (Figure 2) . 31, 32 MOFs therefore appear ripe for entering the marketplace. Although they became commercially available in 2008, only four were sold as specialty chemicals. By contrast, 2013 worldwide production of zeolites is estimated to be around 2.7 Mtons. 33 Cost is often mentioned as a factor inhibiting commercial use of MOFs, but new materials are always expensive initially and once production is increased to an industrial scale, prices drop dramatically. There are other reasons for the relatively slow rate at which MOFs have penetrated the marketplace. Some of these are perceived, rather than actual barriers, but they include concerns about their mechanical robustness, water stability, and properties that are insufficiently superior to warrant replacing an established material with a MOF. In addition to these market-driven factors, we recognize several significant technical hurdles that could limit the pace of commercial development. Among these is the fact that, although the number of frameworks is expanding rapidly, relatively few isoreticular MOF series exist. Initially, one of the major selling points for MOFs relative to other microporous materials was their "tunability," i.e., the ability to modulate their properties by modifying the organic linker or metal ion while maintaining the basic topology. Certainly, there are good examples where this is true: the original IRMOF-n series, which includes MOF-5; the IRMOF-74-n(M) (Figure 3) series, in which both metal ion and linker can be varied; and the nbo and rht paddlewheel topologies. Not all of these can be synthesized de novo; some require post-synthetic modification approaches (see below). The vast majority of MOFs are unique, however, which stymies systematic modification. In most cases, the linker is the synthetic entry to analogous structures, since changing the metal ion may affect the coordination geometry and lead to a different structure (although recent work indicates that post-synthetic exchange of one metal cation for another is less of a problem than originally thought 34, 35 A related problem is that it is by no means assured that exchanging one linker for another will preserve the original topology. Synthesis of new MOFs can thus be very time consuming. In an effort to shorten development times, automated, high-throughput synthetic methods to quickly sample a range of reaction temperatures, times, and reactant concentrations have been demonstrated. 37 Unfortunately, the cost of the required automated equipment is prohibitive for most researchers. Computational screening provides a partial solution, since the stability of very large numbers of structures can be assessed in a relatively short time. This was illustrated on a truly grand scale by Wilmer et al., 38 who evaluated the stability of nearly 138,000 potential
MOFs by assembling a fixed set of linkers and metals using a set of self-assembly rules. 38 Another approach is to impose application-specific criteria that reduce the number of structures that must be synthesized. For example, Sholl and coworkers screened a larger number of MOF structures in the Cambridge Structural Data Base for their gas sorption properties relevant to CO 2 separation 39 and light adsorption of noble gases. 40 Once a set of promising structures is identified (a few dozen to a hundred), these can be assessed for ease of synthesis, and previously reported properties, such as adsorption capacity or selectivity, can be considered to determine if they are consistent with model predictions. The Carbon Capture Materials Database (CCMDB, carboncapturematerials.org) is another comprehensive database focused on crystalline porous materials such as MOFs and zeolites. 41 In addition to the CSD, a few structural databases built from computational screening are now available to assist in this process, including MOFomics 42 and Hypothetical Metal-Organic Frameworks Database. 38 Post-synthetic modification (PSM) offers a second alternative for modifying MOF structures and expanding isoreticular series. 27 One of the best-developed strategies is to modify reactive groups already incorporated into the structure, such as a primary amine on a linker phenyl ring. Cohen and coworkers have developed this approach; their work now provides a suite of tested routes for incorporating new functionalities into existing structures. "Click chemistry" is also proving to be a powerful and selective route to MOF PSM. 43 Recently, however, new and versatile methods for exchanging structural elements without altering the topology are now being demonstrated. Hupp and coworkers developed Solvent Assisted Linker Exchange (SALE), 27 in which ligands are exchanged in solution with an existing structure; the Cohen group is also developing this line of attack. 44 Metal ions can also be substituted by analogous means, although complete substitution is not always feasible. For example, Dincă et al. showed that up to 25% of the divalent metal ions in MOF-5 can be substituted with virtually any other first-row transition metal, even ones that are trivalent. 45 The surprising ability to accomplish this is a testament to both the robust nature of many MOFs but also the dynamic nature of these structures in the presence of a promoting solvent. These routes to modifying existing MOFs could dramatically expand the number of available structures and remove a major barrier to property optimization.
III. MOFs and crystal engineering
Crystal engineering provides the basic principles for assembling coordination polymers in general, and MOFs in particular, based on geometrical and topological considerations. 2, 9, 46, 47 As early as 1990, Hoskins and Robson 48 uttered some prophetic words on the feasibility of stable porous coordination polymers with large internal porosity: "Despite Nature's abhorrence of a vacuum it may be possible to devise rods with sufficient rigidity to support the existence of solids with relatively huge empty cavities. Materials combining good or even high thermal, chemical, and mechanical stability with unusually low density may thereby be afforded." The node-and-linker approach to building coordination polymers is strictly based on metal and ligand coordination requirements and takes into account the specific shapes and geometrical orientations of the building blocks, which act as "tinker-toys". The employment of geometrical and coordination requirement principles not only facilitates the description of known MOFs, but also provides a way to predict novel frameworks by altering the chemical connectivity. The 3D assembly of MOFs can be achieved in various crystallographic settings using linear, angular, trigonal or tetrahedral ligands. Typical amine and carboxylate linkers of various angularity used to assemble MOF structures are depicted in Scheme 1.
Scheme 1.
Representative examples of amine-and carboxylate-based linear, angular, trigonal and tetrahedral linkers used to assemble MOF structures. The MOF structure conceivably has a higher degree of complexity compared to other inorganic or organic materials. A parallel can be made between the structural complexity of proteins and MOFs with multiple levels of structural hierarchy. Proteins are macromolecules with four different levels of structure: primary, secondary, tertiary and quaternary. The primary structure of a protein is given by the aminoacid sequence, with aminoacid residues bound to each other through peptide bonds. The secondary structure is defined by stretches or strands of polypeptides that display different local structural conformation, such as α-helices or β-sheets. The tertiary structure is given by the overall 3D shape of the protein molecule, which allows for the maximum stability or lowest energy state. Finally, the quaternary structure describes how proteins interact with each other to form larger aggregate protein complexes. The quaternary structure of proteins is typically achieved through hydrogen bonding, disulfide bridges or electrostatic interactions.
Recently we drew an analogy between the structural complexity of MOFs and proteins. 49 The purpose of this is conceptual; we wish to create an organizational construct that enables one to visualize how various elements of MOF structure relate to one another and, ultimately, to MOF properties. Here, we expand and refine this concept in the context of crystal engineering. One can argue that, similar to proteins, MOF structure is hierarchical and can be divided into several sub-components characterized by different length scales and energetics ( Figure 4 ). The primary MOF structure can be defined as the coordination bonds between organic linkers (typically carboxylic acids, amines, heterocyclic compounds, etc.) and metal ions (both transition and main group elements). Here, the important length scales are those of coordination bonds (~2 Å) and the size of the linkers themselves, which can range from ~ 5 Å in a linker such as oxalate to > 20 Å in the largest linkers used in IRMOF-74(n) 36 structures or NU-100. 50 The individual components of the MOF primary structure can be preselected for their ability to self-assemble, similar to nodes and spacers in "tinker toys." Using the "node-and-spacer" approach, metal ions and polydentate ligands can be assembled in coordination polymers of different dimensionality. For instance, 4,4'-bipyridine can be used to assemble 1D chains, 1D ladders, 2D square grids and 3D diamond nets 51 based on coordination requirements of various transition metal ions. An alternative strategy is to describe the primary structure is to employ the "secondary building units" (SBUs) concept, where SBUs act as building blocks for the MOF structure. This concept originates from zeolite chemistry and was redefined by Yaghi's group 52 to include molecular complexes or metal clusters with well-defined symmetric coordination geometries. One of the most abundant SBU is the so-called paddle wheel unit, which can be constructed from a variety of linkers and metal ions. According to the CSD, MOF paddlewheels based on Cu and Zn are the most common, but examples with other ions such as V, Cr, Mn, Fe, Co, Ni, Mo were also reported. 
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The secondary structure of the MOF is given by the way the SBUs are assembled into a 3D structure. The overall topology of a 3D structure can be described by a net, which is typically assigned by a three-letter symbol (for example rht, soc, pts, sod). The Reticular Chemistry Structure Resource (RCSR) is a collection of more than 2,000 different nets [http://rcsr.anu.edu.au]. Two characteristic length scales relevant here are the pore dimensions (pore limiting diameter, PLD, and largest cavity diameter, LCD) and the unit cell dimensions, although the latter can be very large in some cases due to low symmetry. With respect to the energies operative in secondary structure, these are the same as far as the metal-linker bonding is concerned. However, now that the SBUs are assembled to form a supramolecular structure, interactions between SBUs (electronic and/or magnetic) also occur; these can have dramatic effects, particularly in the case of magnetic properties, but they are in general poorly understood. Various types of nets are known, including nets with one type of vertex are called uninodal, (one type of vertex), bimodal (two types of vertices), trimodal (three types of vertices), etc. The metal-containing building units produced during synthesis are generally polygonal or polyhedral. Although organic building units have predetermined shape and geometry, their flexibility often determines the final architecture. Hence, it is vital to identify all vertices and edges rather than just identifying the nets. In particular, all types of network structures (organic, inorganic or organic-inorganic hybrid materials) possess inherent nets, and the interest of researchers drives them for topological construction of MOF networks based on rational assembly of building units in different dimensions. The nets can be regarded as examples of blueprints for the construction of MOFs that can be formulated from a diverse range of chemical constituents, and leads to an unprecedented structural diversity, pore size, and geometry. The size of pores can be systematically varied using the versatile concept of "reticular synthesis", 2, 36, 53, 54 which allows tuning the pore sizes from several angstroms to several nanometers by simply increasing the length of the organic linker. The nets are capable of further interacting with each other and other structural elements of a MOF in different ways, giving rise to a diverse range of superstructures, which can be classified as the tertiary MOF structure. For instance, MOFs are known to display "supramolecular isomerism", as first recognized by Zaworotko, who defined it as "the existence of more than one type of network superstructure for the same molecular building blocks". 51 A new subtype of supramolecular isomerism based on polyhedra arrangement was identified by Lah and coworkers, 55 who reported a face-driven corner-linked polyhedron with C 3 -symmetric ligands and Finally, the quarternary structure of a MOF can be described as either host-guest interactions or association of multiple individual nets into a single unit (nanoparticle, crystal, thin film, etc.) with multiple subunits. In either case, the forces between nets, or between a net and a guest molecule, can alter MOF structure. MOF interpenetration is one example of such quarternary structures. MOF interpenetration occurs when the large voids in one net is filled by another net passing through it. 57 Although the interpenetration reduces the pore sizes of the MOFs, in many cases it enhances the adsorption enthalpy of various molecules by increasing the interactions between the guest molecules and the framework walls. Matryoshka-type single crystals 58, 59 and MOF heterostructured films 60, 61 represents other examples of complex MOF assemblies. We include "guest" molecules as a second example of quarternary structure because in some cases these are essentially permanent residents within the pores, as in the case of strongly coordinated or intercalated solvent molecules. The inherent modular structure of MOFs offers enormous compositional and structural diversity, while crystal engineering allows some control at different structural levels of molecular, topological and supramolecular motifs. Obviously, our analogy between MOFs and proteins should not be taken too literally, as the parallels break down fairly quickly as the chemical bonds and supramolecular arrangements in MOFs are typically very different from proteins. Nevertheless, this construct highlights the complexity of these supramolecular materials and may be useful, particularly to those not familiar with the topological aspects of MOFs, for conceptualizing the relationships between their structure and properties.
IV. Structure-function relationships
There is no doubt that intrinsically, MOFs are well suited to establishing clear structurefunction relationships. The fact that they are crystalline means that the position of all atoms are known to a high degree of accuracy (although there are issues here related to structural flexibility). Moreover, as discussed above, the availability of isoreticular series leads to the potential to systematically vary MOF pore size, geometry, and chemical functionality. In the context of this overview, it is useful to summarize the structure-function relationships that have been established thus far, since these demonstrate the extent to which phenomenological understanding is available to guide the synthesis of new MOFs.
Gas sorption. Extensive efforts focused on the uptake of light gases such as hydrogen, methane, the noble gases, and CO 2 has lead to reasonable clarity concerning the factors governing gas sorption by MOFs. In hindsight, some of these are not particularly surprising, given that MOFs resemble zeolites in some aspects and the structure-function relationships have been studied extensively for these materials. Nevertheless, some key structure-function relationships for gas sorption by MOFs are:
• Gas uptake vs. pore size: capacity, Henry's constant (k H ), and isosteric heat of adsorption (Q st ) tend to increase with decreasing pore diameter. Modeling and experimental investigations demonstrate that tailoring pore size to be only slightly larger than the kinetic diameter of the gas of interest increases uptake and selectivity.
• Catenation or interpenetration: the generalization is that these lead to higher gas uptake than by non-catenated or interpenetrated structures, but this is highly structure specific since pore size, surface area, and pore volume can be severely affected.
• Hydrogen uptake vs. surface area: hydrogen storage is probably the most extensively studied aspect of MOF chemistry. [62] [63] [64] The behavior is complex, but an important generalization is that storage capacity at 77 K is linearly related to surface area at pressures of 10 -90 bar. 62 Unfortunately, this no longer holds at either at room temperature or lower pressures (1 atm), at which the interaction with the framework is so weak that the sites with the highest adsorption affinity control gas uptake.
• Unsaturated metal coordination sites (also known as "open metal sites"): interactions with these are stronger than typical Van der Waals forces, which can increase heats of adsorption.
• Polarizability of MOF functional groups: capacity, k H , and Q st increase when linkers are functionalized with highly polarizable groups such as Br or I.
Most of these generalizations were derived from studies of weakly interacting gases such as hydrogen. When larger molecules are considered, however, three important caveats must be mentioned. First, MOF pore sizes and geometry are in most cases far from uniform. There are examples where this is not the case, such as the IRMOF-74 series. In many structures, the geometry of the linker and the coordination topology can lead to a distribution of pore sizes (although these tend to be discrete, rather than broad as are found in amorphous microporous materials). Pore sizes obtained from crystallographic data, microporosimetry, or codes such as HOLE often give conflicting results. We recently found, however, that the Zeo++ program, which uses an algorithm that accounts for the multidimensional nature of MOF pores (unlike the HOLE code, for example, which requires the user to define a trajectory through the pore) yields results consistent with experiment. 65 Second, and more troubling, rotatable groups on MOF linkers and the ability of some MOF structures to "breathe" leads to variable pore dimensions that are inconsistent with those determined by any of the methods mentioned above. For example, uptake of molecules larger than the apparent pore dimensions is reported in a number of cases, such as alkane uptake in ZIF-7 66, 67 or alkanes/alkenes uptake in Zn 2 (bpdc) 2 (bpee) (bpdc = 4,4'-biphenyldicarboxylate; bpee = 1,2-bipyriylethylene), also known as RPM3-Zn. 68 This feature of MOF structures is not present in rigid inorganic materials such as zeolites and is particularly problematic from the point of view of modeling. Almost all force fields used to model gas uptake by MOFs fix the locations of the framework atoms. The question then becomes, what atomic coordinates should be adopted to simulate the adsorption isotherm? Those obtained at the low-temperatures used for x-ray diffraction may not be appropriate for modeling gas sorption at room temperature. Optimized structures from quantum calculations have also been used as initial configuration for force field simulations. 69 There are a few examples of flexible force fields, but the bonded terms are not transferrable to other MOFs, thus inhibiting their use for screening large numbers of structures. [69] [70] [71] [72] [73] [74] One way around this is to use a hybrid simulation approach combining gas adsorption with framework flexibility, but this requires validated force fields for each MOF (or class of MOF). Consequently, this remains an unresolved problem.
Luminescent MOFs. This is possibly the largest category of MOFs designed with a specific functionality outside of those intended for gas storage. General reviews list hundreds of articles on this topic 12, 75 and more specialized reviews focused on topics such as luminescent lanthanide frameworks 76 and metal-based luminescence 13 provide insight into structure-function relationships for these materials. Most reports describing luminescent frameworks are not systematic investigations designed to develop structure-function correlations. Cumulatively, however, this body of work provides considerable insight into how MOF luminescence is influenced by aspects of its structure. Luminescence can be broken down into several basic categories related to the structural component from which it originates ( Linker-based luminescence in MOFs is probably the best understood of these subcategories, in part because of the large number of structures and the availability of isoreticular series that enable systematic variation. Moreover, since the influence of the metal on the luminescent properties is either minor or non-existent in these systems, electronic structure calculations often focus on the linker only. In fact, for MOFs that are not interpenetrated or are structures that bring the linkers into close contact (< 4 Å) with each other, the luminescence typically resembles that of the linker in dilute solution. 49, 78 However, in cases where the structure enables charge transfer to occur between linkers, either by formation of a ground-state complex or an exciton, new luminescence appears that is not characteristic of the isolated linkers. [79] [80] [81] [82] [83] [84] Some basic relationships between MOF structure and luminescence are listed below. We developed these design guidelines to maximize light output from the organic linkers, which is particularly important for MOF-based scintillators, but is also relevant to other types of sensing using luminescent MOFs:
• Use only closed-shell metal ions to minimize luminescence quenching and ligand-tometal charge transfer and limit emission to that of the linker.
• Select framework topologies that isolate the linkers from one another to prevent interlinker interactions that reduces the emission quantum yield.
• Utilize strategies that control interpenetration 57 to avoid unpredictable inter-framework interactions.
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• Choose rigid frameworks that cannot undergo dramatic structural changes, such as MOFs with "breathing" modes or that expand or contract upon removal or uptake of guest molecules, as the luminescence will likely be conformation dependent. Similarly, employ rigid linkers with limited potential for internal rotation are advantageous, as ligand rotational freedom or an ability to adopt multiple conformations leads to less predictable luminescent properties as well as reduced control over MOF structure.
Luminescence induced by the presence of guest molecules is a promising area of MOF research, as it relates directly to both sensing applications and the use of MOFs as light harvesters. [85] [86] [87] [88] [89] [90] The luminescence can be due to a guest molecule, such as a fluorescent dye that acts as a reporter for uptake of other molecules or changes in solvent polarity. 80, 91 Alternatively, sequestered electron donor or acceptor molecules, such as thiophenes, fullerenes, 92 or lanthanide complexes, 93 can serve as antennae molecules to enhance light absorption or transmit energy via the Fluorescence Resonance Energy Transfer (FRET). Here, the expected correlation between overlap of the antennae emission and emitter absorption spectra is observed. Another powerful concept for sensing is the use of structurally flexible MOFs that can form ground-state charge transfer complexes between the MOF linker and the guest. 79, 81 Here, the luminescence produced by the complex is highly dependent on the electron donating ability of the guest; the emission maximum gradually shifts to the red as the ionization potential of the guest decreases. 81 This phenomenon can also be used to gauge solvent polarity. 79 It should be noted, however, that the role of impurities in MOF-based luminescence is in general poorly understood; these can produce significant luminescence that complicates interpretation of spectra. For example, we found that the formation of ZnO nanoparticles can produce luminescence that is similar to the luminescence of MOF-5 synthesized under high-temperature conditions. In addition, trapped solvent molecules such as dimethylformamide can also be fluorescent.
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Water stability and pore hydrophobicity. The stability of MOFs with respect to water became a prominent issue in ~ 2007, when a few authors described experiments and modeling showing that a variety of effects can occur when MOFs are exposed to either liquid or gas-phase water. The instability of the IRMOFs was known colloquially for some time, but rigorous documentation was lacking. Molecular dynamics simulations using a flexible force field predicted that MOF-5 undergoes catastrophic collapse when the amount of water in the pores exceeds 3.9% by weight. 95 Later, Long and coworkers showed that MOF-5 undergoes a phase transition to non-porous MOF-69C upon exposure to water vapor. 96 The extent to which this occurs is related to the synthetic method and can lead to wildly varying surface areas. Interestingly, the effects of water on MOF-5 could be reversed under some conditions. Water adsorption isotherms for some MOFs have been successfully measured; this work was recently reviewed. 97 Although MOF-5 and the isoreticular IRMOF structures are among the most waterreactive of MOFs, due in large part to the presence of the Zn 4 O moiety in their structure, this early work raised an important question, namely, what is the meaning of "unstable" in the context of MOFs? The most strenuous criterion is that the material is unchanged in any way, i.e., crystal structure, pore volume, and surface area are invariant. An argument can be made, however, that a MOF is not "unstable" if the changes induced by water are reversible. This can be turned to practical advantage by using a MOF as a drying agent; a recent study by Matzger and coworkers showed that several MOFs have higher total capacity than alumina, a standard industrial sorbent. 98 The issue of water stability in MOFs must be placed in the context of the intended use, an aspect of their chemistry that is not a problem for zeolites and many other microporous materials. In 2009, variations of known MOF structures began to appear in which linkers were modified to make the MOF hydrophobic and/or water resistant. Interest in the field increased dramatically starting in 2012, most likely because the practical implications. Walton and coworkers 99, 100 are conducting systematic investigations and identified three important criteria: 1) accessibility of the metal ion; 2) pK a of the linker; and 3) concatenation. Briefly, facile access to the metal ion contributes greatly to water reactivity. Moreover, more basic linkers lead to stronger metal-linker bonds, thereby reducing reactivity. The reasons for the greater stability of catenated structures are less obvious, but are related to the smaller pore volumes available to accommodate water and the higher stability of these structures in general as a result of increased linker-linker interactions. 72, 73 There are, of course, many subtleties that are not encompassed by these generalizations, which are summarized in the review article by these authors. 97 Consequently, the issue of MOF stability with respect to water (and by implication, exposure to atmosphere) remains far from resolved.
Mechanical properties. These are among the most poorly understood and least explored aspects of MOFs, in spite of their importance for many practical applications. Considering hybrid framework materials in general, which encompass both dense and porous materials as defined by Tan and Cheetham in their recent review, there is virtually no work reported prior to 2005. This reflects the fact that few people working in the field have the necessary technical background or equipment such as a nanoindentor to conduct such work. Nevertheless, understanding the mechanical properties of MOFs will have obvious implications for applications in which MOFs encounter abrasive conditions, such as fluidized beds using MOFs for catalysis or separations. The friability of zeolites leads to considerable loss of material under these conditions. Since MOFs are softer than many zeolites, one might expect that the problems would be considerably magnified. However, MOFs are also more ductile than zeolites, which could reduce their susceptibility to abrasion. Long-term durability studies have not been performed for any MOFs, however, fundamental studies of this kind will be of considerable value. Such large-scale industrial applications are not the only reason to understand MOF mechanical properties. For example, the formation of optically transparent monoliths is necessary if MOFs are to be used in many optical applications (e.g., radiation detection); this will likely require knowledge of phenomena such as creep, plasticity, and bulk-phase diffusion, not to mention microstructural properties concerning defects and grain boundaries. New MOF behaviors such as piezoelectricity are intimately connected with the mechanical properties of the materials and development of the relevant structure-function relationships is essential if the full potential of rational design in MOFs is to be realized. The Cheetham group at Cambridge has measured the elastic moduli and Poisson's ratio of a large number of MOFs and applied theoretical tools to predict these properties. Fundamental structure-property relationships are beginning to emerge, which are summarized in their review. An example of these is shown in Figure 6 , which reveals that the bulk modulus of MOFs is in a region of intersection among foams with macroscale pores, organic polymers, and inorganic ceramics (including some zeolites), having lower density than many of these materials while retaining their stiffness. The diversity of MOF structures and the variety of chemical bonds within them make establishing such relationships difficult and correlations between experiment and theory are not always conclusive. DFT calculations often overpredict the elastic moduli, due in all likelihood to deficiencies in the theoretical models and the fact that measurements are made at finite temperatures rather than 0 K of the calculations. An important general principle is that mechanical properties can be tailored through the rigidity of the linkers and the strength of the metal-linker bonds. Nanoindentation measurements on lanthanide MOFs involving carboxylate linkers yields the interesting result that the structure is less rigid on crystallographic planes with a strong M-O-M component These bonds are weaker than the covalent bonds of the linkers. This result highlights an important aspect of mechanical properties, namely, that they are highly orientation dependent. Design of MOFs to resist forces in specific directions must therefore take this into account. Moreover, these measurements reveal a structure-property correlation useful for crystal engineering: MOFs with growth planes containing primarily covalent bonds should be selected when seeking high elastic stiffness (i.e., high Young's modulus) in a particular direction. 17.
ZIFs are among the better-investigated MOF categories, since they provide a convenient method of systematic structural variation within a constant topology. Tan et al. demonstrated, for example, that sterically bulky linkers increase the elastic modulus (greater stiffness) due to increased short-range interlinker interactions. Non-linear scaling of the elastic moduli was observed as a function of density, with the moduli increasing substantially with increasing density. Hardness also increases with density. Elasticity can also be guest dependent, as shown by comparison of desolvated vs. solvated ZIF-8.
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V. Future prospects: a selection of promising applications
As discussed above, MOFs are being considered for a growing number of applications. In this section, we highlight a few that in our estimation are particularly promising. Some of these, such as gas storage, are very advanced in their development, whereas the potential of others, such as electronics and photonics, is only beginning to be explored.
Gas storage and separation. The large surface areas, adaptable pore sizes, and tailorable pore environments, coupled with good chemical and thermal stability, made MOFs attractive for these applications from the outset. This is the application that is the most advanced with respect to commercialization; MOF-based hydrogen 102 and methane 103 storage tanks for research vehicles have already been demonstrated. Gas storage in MOFs has been widely explored in the past decade and many groups are actively involved in seeking suitable frameworks to efficiently store various molecules, 63, 64, 89, [104] [105] [106] [107] [108] [109] with the most intensively studied gases being hydrogen, 62, 64, 110 methane, 38, 54, [111] [112] [113] and carbon dioxide. 107, 108, 114, 115 Some critical requirements for MOFs as gas storage media include: 1) high volumetric/gravimetric uptake capacity; 2) fast sorption and desorption kinetics at practical temperatures and pressures; 3) high tolerance to impurities; and 4) extended cycling. Although there are now hundreds, if not thousands, of MOFs for which there are reported gas adsorption isotherms, many reported frameworks that appear to be porous, based on their crystal structure, in fact may not be. The terms "porous" and "open framework" imply the existence of porosity; in reality, this must be experimentally demonstrated rather than graphically inferred from crystallographic data. [52] [53] [54] MOFs are also being considered for gas separations, including purification or collection of hydrogen, 116 116, 132 In principle, MOFs offer several advantages over other porous materials such as zeolites, which could be exploited in industrial gas separations. For instance, MOF structures with acute angles in their pore walls are possible, whereas zeolite pores are always obtuse, decreasing their ability to distinguish between isomers of various hydrocarbons. Long et al. demonstrated that the triangular channels in the MOF Fe 2 (bdp) 3 (bdp 2-= 1,4-benzenedipyrazolate) can efficiently separate 5 hexane isomers by their ability to wedge along the triangular corners of the pores, with the more branched isomers passing faster through the membrane (Figure 7) . 133 Zaworotko et al. also reported a series of MOFs assembled from metalpyrazine cations and hexafluorosilicate [SiF 6 ] 2-anions, in which the 90° pore angles enable a near-perfect fit for CO 2 , producing record-high CO 2 /N 2 , CO 2 /H 2 and CO 2 /CH 4 selectivities. 123 Although many MOFs are promising materials for these applications, major hurdles include meager knowledge of the effects of impurities and water vapor, and the lack of economical membrane fabrication processes. 134 A significant development was recently reported by Nair et al., who demonstrated a hollow fiber membrane concept based on poly(amide-imide) polymers coated with ZIF-8 inside the 100 µm fibers. 135 Such MOF/polymer fibers display separation factors as high as 370 for H 2 /propane and 12 for propene/propane. These impressive figures single out MOFs as having particularly strong potential for high-efficiency industrial-scale separations, if practical issues can be addressed. Heterogeneous catalysis. MOF pore sizes are well suited to hosting small-molecule chemical reactions. Since MOFs feature ordered structures with well-defined pores, they also provide opportunities for encapsulating metal nanoparticles or for tethering molecular catalysts. Moreover, the pores can be modified to incorporate catalytic functionalities, effectively serving as "nanoreactors." 136, 137 There are now many reports of MOF-based catalysis for a variety of reaction types, including hydrogenation, 138, 139 Although this progress is highly encouraging, in most cases these results can be considered as "proof of concept," rather than demonstration of an industrially relevant catalyst. Aside from economic issues associated with large-scale production, critical data concerning their mechanical durability and long-term stability are still lacking. In addition to these practical challenges, fundamental aspects of MOF catalysis remain largely uncharacterized. There are almost no detailed mechanistic studies of MOF-catalyzed reactions. 28, 141 To take advantage of the full potential of MOFs for catalysis and to achieve reaction selectivities and turnover rates that are competitive with established microporous catalysts such as zeolites, it will be necessary to understand the connection between the design of the active site and its catalytic behavior.
Sensors. The factors that make MOFs so attractive as molecular recognition chemistries for sensing go beyond their tailorable pore structure. Unlike other classes of nanoporous materials, such as porous carbon, silica aerogels, and zeolites, a multitude of transduction mechanisms are possible. These include mass uptake, 60 162 As with most of the other applications discussed here, the results are highly encouraging, but a great deal of engineering development remains to be done. Raising the technical readiness level (TRL) of these devices will require investigators to evaluate sensor operation in realistic environments, determine cross sensitivities, optimize film thickness to improve response times, and characterize sensor drift and reproducibility. Practical fabrication techniques also need to be developed. 90 An important advance in this direction was the discovery of patterning techniques, for example ink-jet printing of MOF coatings (Figure 8 ). 
Electronics and photonics.
MOFs display a remarkable variety of electronic and photonic properties. For example, there are MOFs displaying promising low-k dielectric properties and ferroelectric, ferromagnetic, antiferromagnetic, luminescent, and non-linear optical behaviors. 20, 90 When combined with their porosity, they become a truly unique category of optoelectronic materials. Unfortunately, most MOFs are electrical insulators; 164 however, a few semiconducting frameworks are known. 165, 166 Dincă and coworkers recently reported a MOF analogue of graphene with an electrical conductivity of 2 S/cm in pelletized form and as high as 40 S/cm in thin-film geometry, 167 as well as two other frameworks that have high charge mobility. 168, 169 Clearly, the porous structure of MOFs distinguishes them from traditional inorganic and organic conductors. This allows guest species (molecules, clusters, nanoparticles) to be introduced that can alter the native MOF functionality. For example, we recently demonstrated that doping intrinsically insulating HKUST-1 with TCNQ renders the resulting TCNQ@HKUST-1 material electrically conductive. 170 The fact that electrical conductivity can be achieved in MOFs is highly intriguing, as their crystallinity and hybrid inorganic-organic nature suggest the potential to have the best of two worlds: traditional semiconductors, with their highly ordered, low-defect structure, and organic conductors, with their tailorable properties and low-cost fabrication. It remains to be seen whether MOFs can achieve this technical Valhalla; mobility and conductivity must both be improved substantially. Perhaps more importantly, generality beyond a few unique structural cases must be demonstrated before these materials attract the kind of widespread attention that conducting organic polymers received several decades ago.
Ion-conducting membranes. The possibility of incorporating functional groups at desired locations within the MOF pore structure makes them promising for ion-and proton-conducting membrane applications. Nafion is the state-of-the-art Proton Exchange Membrane (PEM) in various fuel cells. However, it loses its proton conductivity above 100 °C; elevated temperatures are often desirable for fuel cell operation to increase the reaction rate at the cathode. MOF-based membranes generally display lower proton conductivities compared to Nafion; however, some are conducting at temperatures as high as 150 °C, even in the absence of water. 171, 172 Unlike disordered polymers like Nafion, for which the conduction mechanisms and nano-and microstructure are still the subject of debate, the crystalline structure of MOFs enables structural determination with sub-angstrom resolution, allowing for a better understanding of the ion transport mechanisms. Based on this knowledge, modifications to the MOF structure, either by PSM or introduction of guest molecules, can be performed to improve the performance of the material. to be incorporated into membranes for Li-ion batteries 173 and PEM fuel cells, 171, 174 as they are thermally and chemically stable and are good electronic insulators. 171 Metal sulfonates 172 and phosphonates 175 are the most commonly used MOF-based proton conductors; however, other classes of MOFs are also being investigated for ionic membrane applications.
171, 174
Biomedical applications. The efficacy of new therapeutics could be improved by more precise delivery to targeted cells or portions of the body. This strongly motivates ongoing research to develop MOFs for biomedical applications that include drug delivery and bioimaging, [24] [25] [26] 176 where full advantage can be taken of their structural and chemical versatility. 
VI. Moving forward: key challenges
The previous discussion points to several problems that must be addressed before MOFs can achieve the status of other porous materials used extensively in industry. Among the most critical are the following:
• Robustness in manufacturing environments remains a largely unaddressed challenge. MOF mechanical properties and long-term durability are, in general, very poorly understood. There are also very few reports describing consolidation into pellets and other solid bodies. This contrasts with promising results showing MOF stability in hostile chemical environments and water vapor can be achieved. Researchers with expertise in materials science and engineering therefore have an important role to play in the future success of MOFs.
• The perception that MOFs are high-cost materials and are therefore not economical for largescale use is a major stumbling block. The field would benefit tremendously if the number of frameworks commercially available in reasonable quantities (say 1 kg or more) increased beyond the current handful.
• The ability of computational modeling to guide synthesis is limited by the shear number of structures that are known. Although accuracy and understanding are both improving, the field is losing ground. With the potential for new topologies on the horizon and variations on existing themes, the number of conceivable structures reaches into the millions. New computational approaches are critically needed that can accurately capture trends so that the scope of a synthetic effort can be quickly narrowed.
• Defects in MOF crystals have been largely ignored, yet their influence on properties is likely to be substantial.
• A daunting problem for enabling MOFs to be considered for electronic device applications is achieving control over their electronic properties. The fundamental principles governing charge mobility in these materials must be elucidated so that rational design can proceed.
• Integrating MOFs with substrates of all kinds is far from mature. Reliable thin film growth over large areas (wafer-or membrane-scale), with control over nucleation, crystallographic orientation, and surface roughness, is lacking. A related issue is the need for patterning techniques with the spatial resolution needed for state-of-the-art device architectures.
• MOF biocompatibility requires much more investigation before they become a serious competitor to other materials under development for nanomedicine.
VII. Conclusions
In many ways, the advent of MOFs represents a triumph for the field of crystal engineering. The concept of rational materials design has possibly been realized to a greater extent in MOFs than by any other class of materials: because one can know and predict structure so accurately in MOFs, it is also possible to predict and achieve desirable properties. Although much of the work during the last decade was motivated by traditional uses of porous materials, such as gas storage, separations, and heterogeneous catalysis, several important discoveries in the last few years are opening new and significant opportunities for MOFs beyond the aforementioned. It is now recognized, and in some cases demonstrated, that MOFs could have an impact on areas as technically diverse as microelectronics, energy harvesting and storage, sensing, defense and security, and human health. Thus, the potential exists to create new industries and revolutionize existing ones, which in turn could have enormous and long-lasting economic impact. As we pointed out earlier, new materials typically require, on average, about twenty years to be incorporated into commercial products. We can predict, therefore, that it will not be long before MOFs achieve this. Based on the accumulated investment of research funding, a product related to gas storage is perhaps the most likely, but it would not come as a complete surprise if a completely different application emerges. The discussion here highlights an important point, however: the barriers hindering the rapid practical implementation of MOFs necessitate the involvement of disciplines outside synthetic chemistry. Perhaps, then, the most important challenge is to engage the rest of the scientific community and kindle their enthusiasm for these remarkable materials.
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